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[57] ABSTRACT

An annulus pressure responsive downhole tool includes
a housing having a power piston slidably disposed
therein. First and second pressure conducting passages
communicate a well annulus with first and second sides
of the power piston. A retarding device is disposed in
the second pressure conducting passage for delaying
communication of a sufficient portion of an increase in
well annulus pressure to the second side of the power
piston for a sufficient time to allow a pressure differen-
tial across the power piston to move the power piston
from a first position to a second position relative to the
housing. A pressure relief valve is communicated with
the second pressure conducting passage between the
power piston and the retarding device for relieving
from the second pressure conducting passage a volume
of fluid sufficient to permit the power piston to travel to
its second position. A back pressure check valve is also
disposed in the second pressure conducting passage to
provide a continuing but releasable pressure differential
across the power piston to releasably hold the power
piston in its second position.

15 Claims, 6 Drawing Figures
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LOW PRESSURE RESPONSIVE DOWNHOLE
TOOL WITH DIFFERENTIAL PRESSURE
HOLDING MEANS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to annulus pressure
responsive downhole tools. Particularly, the present
invention provides an improved design for an annulus
pressure responsive downhole tool which eliminates the
need for using a large volume of compressible liquid or
a volume of compressible gas within the tool to com-
pensate for the volume displaced by a power piston of
the tool. 15

2. Description of the Prior Art

It is well known in the art that downhole tools such
as testing valves, circulating valves and samplers can be
operated by varying the pressure of fluid in a well annu-
lus and applying that pressure to a differential pressure 20
piston within the tool.

The predominant method of creating the differential
pressure across the differential pressure piston has been
to isolate a volume of fluid within the tool at a fixed
reference pressure. Such a fixed reference pressure has 25
been provided in any number of ways.

One manner of providing a fixed reference pressure 1s
by providing an essentially empty sealed chamber on
the low pressure side of the power piston, which cham-
ber is merely fixed with air at the ambient pressure at 30
which the tool was assembled. Such a device is shown
for example in U.S. Pat. No. 4,076,077 to Nix et al. with
regard to its sealed chamber 42. This type of device
does not balance hydrostatic annulus pressure across
the power piston as the tool is run into the well. 35

Another approach has been to provide a chamber on
the low pressure side of the piston, and fill that chamber
with a charge of inert gas such as nitrogen. Then, when
the annulus pressure overcomes the gas pressure, the
power piston i1s moved by that pressure differential, and 40
the gas compresses to allow the movement of the power
piston. Such a device is shown for example in U.S. Pat.
No. 3,664,415 to Wray et al. with regard to its nitrogen
cavity 44. This type of devices does not balance hydro-
static annulus pressure across the power piston as the 45
tool 1s run into the well.

Another approach has been to use a charge of inert
gas as described above, in combination with a supple-
menting means for supplementing the gas charge pres-

+ sure with the hydrostatic pressure of the fluid in the 50
annulus contained between the well bore and the test
string, as the test string 1s lowered into the well. Such a
device 1s shown for example in U.S. Pat. No. 3,856,085

to Holden et al. When a tool of this type has been low-
ered to the desired position in the well, the inert gas 55
pressure 1s supplemented by the amount of the hydro-
static pressure in the well at that depth. Then, an isola-
tion valve 1s closed which then traps in the tool a vol-
ume of well annulus fluid at a pressure substantially
equal to the hydrostatic pressure in the well annulus at 60
that depth. Once the isolation valve has closed, the
reference pressure provided by the inert gas is no longer
effected by further increases in well annulus pressure.
Then well annulus pressure may be increased to create

a pressure differential across the power piston to actuate 65
the tool.

Also, rather than utilize a compressible inert gas such
as nitrogen within such tools, it has been proposed to

10
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use a large volume of a somewhat compressible liquid
such as silicone oil on the low pressure side of the pis-
ton. Such a device is seen for example 1n U.S. Pat. No.
4,109,724 to Barrington.

One recent device which has not relied upon either a
large volume of compressible liquid or a volume of
compressible gas is shown in U.S. Pat. No. 4,341,266 to
Craig. This i1s a trapped reference pressure device
which uses a system of floating pistons and a differential
pressure valve to accomplish actuation of the tool. The
reference pressure is trapped by a valve which shuts
upon the initial pressurizing up of the well annulus after
the packer i1s set. The Craig tool does balance hydro-
static pressure across its various differential pressure
components as it is run into the well.

Another relatively recent developement is shown in
U.S. Pat. No. 4,113,012 to Evans et al. This device
utilizes fluid flow restrictors 119 to 121 to create a time
delay in any communication of changes in well annulus
pressure to the lower side of its power piston. During
this time delay the power piston moves from a first to a
second position. The particular tool disclosed by Evans
et al. utilizes a compressed nitrogen gas chamber in
combination with a floating shoe which transmits the
pressure from the compressed nitrogen gas to a non-
compressible liquid filled chamber. This liquid- filled
chamber 1s communicated with a well annulus through
pressurizing and depressurizing passages, each of which
includes one of the fluid flow restrictors plus a back
pressure check valve. Hydrostatic pressure is balanced
across the power piston as the tool 1s run mto the well,
except for the relatively small differential created by the
back pressure check valve in the pressurizing passage.

With most of these prior art devices, there has been
the need to provide either a large volume of compress-
ible liquid or a volume of compressible gas to account
for the volume change within the tool on the low pres-
sure side of the power piston. This compressible liquid
or gas has generally either been silicone 01l or nitrogen.
There are disadvantages with both of these.

When utilizing a tool which provides a sufficient
volume of compressible silicone 0il to accommodate the
volume change required on the low pressure side of the
power piston, the tool generally becomes very large
because of the large volume of silicone o1l required in
view of its relatively low compressibility.

On the other hand, there 1s a danger in tools that
utilize an inert gas, such as nitrogen, as in any high
pressure vessel. |

Furthermore, most of these prior art tools have re-
quired relatively high annulus pressure increases, some-
times as high as 2000 psi, for operation.

SUMMARY OF THE INVENTION

The present invention provides a very much im-
proved annulus pressure responsive tool which operates
in response to a relatively low increase in annulus pres-
sure, and which also eliminates the problem of dealing
with either a large volume of compressible liquid or a
pressurized volume of compressible gas in order to
provide for the volume change on the low pressure side
of the moving power piston.

The present invention provides an annulus pressure
responsive downhole tool apparatus which includes a
tool housing having a power piston slidably disposed in
the housing,. A first pressure conducting passage com-
municates the well annulus with a first side of the power
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piston. A second pressure conducting passage commu-
nicates the well annulus with a second side of the power
piston. A retarding means, is disposed in the second
pressure conducting passage for delaying communica-
tion of a sufficient portion of an increase in well annulus
pressure to the second side of the power piston for a
sufficient time to allow a pressure differential from the
first side to the second side of the power piston to move
the power piston from a first position to a second posi-
tion relative to the housing. A pressure relief means is
communicated with the second pressure conducting
passage, between the second side of the piston and the
retarding means, for relieving from the second pressure
conducting passage a volume of fluid sufficient to per-
mit the power piston to travel to its second position.

A releasable holding means is provided for releasably
preventing the power piston from returning to its first
position. This releasable holding means includes a back
pressure check valve means, located between the power
piston and the retarding means, for preventing commu-
nication of a sufficient portion of said increase in well
annulus pressure to said second side of said power pis-
ton so that so long as said increase in well annulus pres-
sure is maintained on said first side of said power piston,
a sufficient pressure differential is maintained from said
first side to said second side of said power piston to
prevent said power piston from returning to its said first
position. |

It is the pressure relief means, which relieves fluid
from the low pressure side of the power piston, which
eliminates the need for using either a compressible gas
or a large volume of compressible liquid on the low
pressure side of the power piston.

The use of the pressure relief means to accommodate
the fluid displaced by the power piston, instead of using
a large volume of compressible liquid or a pressurized
volume of gas provides a number of advantages.

Since no pressurized nitrogen is used, the dangers
associated with the use of pressurized nitrogen are elim-
inated. |

Very significantly, the pressures which must be ap-
plied to the well annulus to operate the tools of the
present invention are very much reduced as compared
to most prior art tools.

Also, the present invention provides a tool which
always actuates at the same differential operating pres-
sure. Tools which rely upon compressible liquids or
compressible gas do not have constant differential oper-
ating pressures because the compressibility of the sili-
cone oil and the nitrogen is non-linear.

The tools of the present invention can be operated
with a differential operating pressure of as little as
200--500 psi. This is determined by the strength of the
return spring located below the power piston. Thus, 1f
an actual well annulus pressure increase of 1000 psi is
used to actuate the tool of the present invention, a wide
margin of error is provided assuring that the tool will in
fact be actuated.

Prior art tools, particularly those relying upon the
compression of silicon oil, require much higher differ-
ential operating pressures as high as 2000 psi.

This is particularly important in view of the fact that,
assuming the tool in question is a tester valve, the other
tools in the test spring, such as circulating valves for
example, have to be set to operate at a difterential oper-
ating pressure greater than that of the tester valve. Typ-
ically, it is undesirable to increase the well annulus
pressure greater than about 3000 psi because of limits on
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the Strength of the well casing. The present invention,
therefore, allows the differential operating pressures of

the various tools in the testing string to be spaced fur-
ther apart, and also generally allows those pressures to

be decreased. This improves both the safety and the
reliability of operation of the entire testing spring.
Numerous objects, features and advantages of the
present invention will be readily apparent to those
skilled in the art upon a reading of the following disclo-
sure when taken in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic elevation view of an offshore
well showing a well test 8pring in place within the well
bore.

FIGS. 2A-2E comprise an elevation half-section
view of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring now to the drawings, and particularly to
FIG. 1, the downhole tool of the present invention is
shown in a testing string for use in an offshore o1l or gas
well.

In FIG. 1, a floating work station 11 is centered over
a submerged oil or gas well located in the sea floor 10
having a bore hole 12 which extends from the sea floor
10 to a submerged formation 14 which is to be tested.
The bore hole 12 is typically lined by a steel liner or
casing 16 which is cemented into place.

A subsea conduit 18 extends from a deck 20 of the
floating work station 11 into a well head installation 22.
The floating work station 11 has a derrick 24 and hoist-
ing apparatus 26 for raising and lowering tools to drill,
test and complete the oil or gas well.

A testing string 28 is shown after it has been lowered
into the bore hole 12 of the oil or gas well. The testing
string 28 includes such tools as a slip joint 30 to compen-
sate for the wave action of the floating work station 11
as the testing string 28 is being lowered into place, a
tester valve 32 and a circulation valve 34. Also, a check
valve assembly 36 may be located in the testing spring
28 below the tester valve 32.

The tester valve 32, circulation valve 34, and check
valve assembly 36, are operated by fluid annulus pres-
sure exerted by a pump 38 located on the deck 20 of the
floating work station 11. Pressure changes are transmit-
ted by a pipe 40 to a well annulus 42 between the casing
16 and the testing string 28.

Annulus pressure in the well annulus 42 is isolated
from the formation 14 to be tested by a packer 44 set in
the well casing 16 just above the formation 14.

The testing string 28 also generally includes a tubing
seal assembly 46 which stabs through the passageway
through the production packer 44 forming a seal isolat-
ing an upper portion of the well annulus 42 above the
packer 44 from an interior bore 48 of the well immedi-
ately adjacent the formation 14 and below the packer
44. The interior bore 48 may also be referred to as a
lower portion of the well annulus 42 below the packer
44, it being understood that this lower portion 48 of the
well annulus 42 is not necessarily annular in shape, but
instead includes whatever portion of the well cavity
there is below the packer 44.

A perforated tail piece 50, or other production tube,
is located at the bottom end of the seal assembly 46 to
allow formation fluids to flow from the formation 14
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into a flow passage of the testing string 28. Formation
fluid 1s admitted into the lower portion 48 of well annu-
lus 42 through perforations 52 provided in the casing 16
adjacent the formation 14.

A testing string such as that illustrated may be used
either to test formation flow from the formation 14, or
treat the formation 14 by pumping liquids downward
through the test string into the formation 14.

The present invention relates to low pressure respon-
sive tools for use in such a test string.

The specific embodiment illustrated in the drawings
and discussed below relates to a tester valve which
would be located such as the tester valve 32 in the
schematic illustration of FIG. 1.

The scope of the present invention, however, is such
that it embodies more than just tester valves, and em-
bodies any downhole tool apparatus which is operated
in response to annulus pressure. |

Thus the concepts about to be discussed can be uti-
lized for tester valves, circulation valves, such as circu-

lation valve 34 illustrated in FIG. 1, or also for example
in sample chambers or the like which might be used

with such a test string to trap a sample of the flowing
fluid.

DESCRIPTION OF THE PREFERRED
EMBODIMENT OF FIGS. 2A-2E

Referring now to FIGS. 2A-2E, an elevation half-
section view is thereshown of a tester valve of the pres-
ent invention, which tester valve i1s generally designated
by the numeral 32. The tester valve 32 may generally be
referred to as an annulus pressure responsive downhole
tool apparatus 32.

The tester valve 32 includes a tool housing generally
designated by the numeral 54. The tool housing 54
includes an upper adaptor 56, a valve housing section
58, a first middle adaptor 60, a power housing section
400, a second middle adaptor 402, a metering cartridge
housing section 404, and a lower adaptor 406.

An O-ring seal 70 1s provided between upper adaptor
56 and valve housing section 58.

Valve housing section §8 and first middle adaptor 60
are Joined at threaded connection 72 and a seal is pro-
vided therebetween by O-ring 74.

The upper end of power housing section 400 is
threadedly connected to first middle adaptor 60 at
threaded connection 408. An O-ring seal 78 is provided
therebetween.

Second middle adaptor 402 is threadedly connected
to the lower end of power housing section 400 at
threaded connection 410 and a seal is provided therebe-
tween by O-ring seal 412.

Metering cartridge housing section 404 is threadedly
connected to second middle adaptor 402 at threaded
connection 414 and an O-ring seal is provided therebe-
tween by O-ring 416.

Lower adaptor 406 is threadedly connected to meter-
ing cartridge housing section 404 at threaded connec-
tion 418.

Disposed in the valve housing section 58 is a full
opening ball valve means 90.

The ball valve means 90 is illustrated in FIG. 2A in its

first closed position closing a central bore 92 of the

tester valve 32. The ball valve means 90 may be rotated
90" relative to the housing 54 to an open position

wherein a bore 94 of ball valve means 90 is aligned with
central bore 92.
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The ball valve means 90 includes an upper valve
support 96 which 1s threadedly connected to upper
adaptor 56 at threaded connection 98. Radially out-
wardly extending splines 100 of upper valve support 96
are engaged with radially inwardly extending splines
102 of valve section housing 58 to prevent relative rota-
tion between those members. An O-ring seal 104 is
provided between upper adaptor 56 and upper valve
support 96.

Ball valve means 90 also includes a lower valve sup-
port 106, a ball 108, ball valve actuating arms 110 (only
one of which is shown) and an actuating sleeve 112,

Upper and lower valve seats 114 and 116 are received
within counterbores 118 and 120, respectively, of upper
and lower valve supports 96 and 106. C-clamps 122 bias
the upper and lower valve supports 96 and 106 toward
each other so that the seats 114 and 116 are held in close
engagement with the ball 108.

Referring now to FIG. 2B, a ball valve actuating
mandrel 124 has its upper end received within actuating
sleeve 112. An upper end collar 126 is threadedly con-
nected to ball valve actuating mandrel 124 at threaded
connection 128. A lower end collar 130 is threadedly
connected to the lower end of actuating sleeve 112 at
threaded connection 132 so that upper end collar 126 is
trapped between lower end collar 130 and a downward
facing shoulder 134 of actuating sleeve 112.

Thus, when ball valve actuating mandrel 124 is
moved downward from the position illustrated in FIG.
2B, it pulls actuating sleeve 112 and ball valve actuating
arms 110 downward relative to housing 54 so that a lug
136 of each ball valve actuating arm 110 which is re-
cerved within a eccentric hole 138 of ball 108 causes the
ball 108 to be rotated through an angle of 90° so that its
bore 94 is aligned with the central bore 92 of the tester
valve 32.

Referring now to FIG. 2C, a power piston 140 is
slidably disposed in power housing section 400. Power
piston 140 has a first side 142 and a second side 144. A
double O-ring sliding seal means 146 is provided be-
tween power piston 140 and power housing section 400.

The ball valve actuating mandrel 124 is threadedly
connected to power piston 140 at threaded connection
148 and O-ring seal 150 i1s provided therebetween.

Ball valve actuating mandrel 124 includes a plurality
of radially outward extending splines 152 which engage
radially inwardly extending splines 154 of first middle
adaptor 60 to prevent relative rotation therebetween.

An intermediate portion of ball valve actuating man-
drel 124, seen 1n FIG. 2B, is closely received within a
bore 156 of first middle adaptor 60 and a double O-ring
sliding seal means 158 is provided therebetween.

Disposed in the tester valve apparatus 32 is a first
pressure conducting passage means 160 for communi-
cating the well annulus 42 (see FIG. 1) with first side

142 of power piston 140. First pressure conducting

passage means 160 includes a power port 162, and thus
may be referred to as power passage means 160. First
pressure conducting passage means 160 also includes an
annular cavity 164 defined between power housing
section 400 and the combined power piston 140 and ball
valve actuating mandrel 124.

A second pressure conducting passage means 420
communicates a balancing port 422 (see FIG. 2E) with
second side 144 of power piston 140. |

Extending downward from power piston 140 is a
guide mandrel means 424 which has its lower end
closely and slidably received within an upper counter-
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bore 426 of first middle adaptor 402. A sliding seal is

provided therebetween by O-ring 428.

A resilient biasing means 430, is operatively associ-
ated with power piston 140, for biasing the power pis-
ton 140 upward towards its first position illustrated in
FIG. 2C. The resilient biasing means 430 in the embodi-

ment illustrated is a coil compression spring 430 having
an upper end 432 engaging the second side 144 of power

piston 140 and having its lower end 434 engaging an
upward facing radially inward extending shoulder 436
of power housing section 400.

A pressure relief cartridge 438 is concentrically dis-
posed outside of guide mandrel 424 and inside of power
housing section 400, and is held longitudinally in place
relative to power housing section 400 between a down-
ward facing radially inward extending annular shoulder
440 of power housing section 400 and an upper end 442
of second middle adaptor 402.

Referring now to FIG. 2D, a metering cartridge
retarding means 444 is located in an annular cavity 446
defined between a lower inner mandrel 448 and meter-
ing cartridge housing section 404. Metering cartridge
444 is held longitudinally in place between a radially
outward extending ledge 450 of lower inner mandrel
448 and a lower end 452 of second middle adaptor 402.

A flow restrictor 454 is located in metering cartridge
444 and includes a reduced diameter flow passage 456
shown in cross section therein. Inner and outer O-ring
seals 458 and 460 seal between metering cartridge 444
and lower inner mandrel 448 and metering cartridge
housing section 404, respectively. The metering car-
tridge 444 may generally be described as a retarding
means 444 disposed in the second pressure conducting
‘passage means 420 for delaying communication of a
sufficient portion of an increase in the well annulus fluid
pressure to the second side 144 of power piston 140 for
a sufficient time to allow a pressure differential from the
first side 142 to the second side 144 of power piston
1400 to move power piston 140 from a first position to
a second position relative to the housing 34.

The second pressure conducting passage means 420

of the tester valve 32 includes, beginning at the lower
end, balancing port 422, annular cavity 446, a longitudi-
nal bore 462 and a counterbore 464 of metering car-
tridge 444, a longitudinal bore 466 of second middle
adaptor 402, a short annular cavity 468 defined between
guide mandrel means 424 and power housing section
400, first, second and third cartridge passages 470, 472
and 474 disposed through the length of pressure relief
cartridge 438, and an annular cavity 476 defined be-
tween guide mandrel means 424 and power housing
section 400.

An annular floating shoe 478 is disposed within annu-
lar cavity 446 above balancing port 422 and has annular
inner and outer sliding seals 480 and 482.

A pressure relief means 484 is disposed 1n first car-
tridge passage 470 for relieving from a first portion of
the second pressure conducting passage means 420 a
volume of fluid sufficient to permit power piston 140 to
travel to its second position. This first portion of the
second pressure conducting passage means 420 1s that
portion between the second side 144 of power piston
140 and the retarding means 444. The second pressure
conducting passage means 420 is filled with a hydraulic
fluid such as silicone oil throughout its length between
the second side 144 of power piston 140 and the annular
floating shoe 478.
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This silicone oil is sufficiently incompressible such
that the volume thereof located between the power
piston 140 and the pressure relief means 484 would
hydraulically block the power piston 140 from traveling
to its second position unless a volume of this fluid equal
to the displacememt of power piston 140 were relieved

from the first portion of the second pressure conducting
passage means 420 by the pressure relief means 484.

The pressure relief cartridge 438 may also be referred
to as a relief housing 438. A relief port 486 is disposed
through the relief housing 438 and communicates the
first portion of the second pressure conducting passage
means 420 with the fluid dump zone 92 which is also the
central bore of the tester valve 32.

A pressure relief piston means 488 is slidably disposed
in first cartridge passageway 470 and is movable be-
tween a first position illustrated in FIG. 2C wherein
relief port 486 is closed, and a second position wherein
the pressure relief piston 488 is displaced downward
relative to relief housing 438 from the position illus-
trated in FIG. 2C, so that the relief port 486 1s opened.

When pressure relief piston means 488 is in its closed
position as illustrated in FIG. 2C, an O-ring seal 490
disposed in the outer surface of an upper end portion of
pressure relief piston means 488 seals within the first
cartridge passageway 470 below relief port 486.

Disposed within first cartridge passageway 470 above
pressure relief piston means 488 is a threaded insert 492
having a longitudinal bore 494 extending therethrough.
The lowermost end portion of insert 492 is reduced 1n
diameter and has an O-ring seal 496 disposed there-
about.

An uppermost extremity of pressure relief piston 4388
has a knife edge defined thereon which engages O-ring
seal 496 to provide a seal above the relief port 486.

A resilient relief piston biasing means 498, comprised
of a stack of Belleville springs, is disposed about a lower
cylindrical portion of pressure relief piston means 488
and serves to bias pressure relief piston means 488
towards its closed position.

A lower threaded insert 500 engages the lower end of
the stack of Belleville springs 498 and may be thread-
edly adjusted to adjust the compression of the stack of
springs 498. A longitudinal bore 502 is disposed through
lower threaded insert 500.

The relief port 486 communicates with a longitudinal
groove 504 disposed in an inner cylindrical surface 506
of pressure relief cartridge 438.

The guide mandrel means 424 has a dump passage S08
disposed therethrough and communicated with the
fluid dump zone 92. Dump passage 508 includes a plu-
rality of radial ports 509 and an outer annular groove
510 disposed in guide mandrel means 424 and communi-
cated with the ports 509.

The longitudinal groove 504 of pressure relief car-
tridge 438 is communicated with annular groove 510 of
dump passaage 508 throughout the travel of power
piston 140 and its attached guide mandrel means 424.

Upper and lower O-ring seals 512 and 514 seal be-
tween pressure relief cartridge 438 and guide mandrel
424 above and below the longitudinal groove S04.

A back pressure check valve means 516 is disposed 1n
second cartridge passage 472 for preventing communi-
cation of a sufficient portion of an increase in well annu-
lus pressure to the second side 144 of power piston 140
so that as long as said increase in well annulus pressure
is maintained on said first side 142 of power piston 140,
a sufficient pressure differential is maintained from said
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first side 142 to the second side 144 of power piston 140

to prevent the resilient biasing means 430 from return-
ing the power piston 140 to its first position.

This back pressure check valve means 516, which 1s
only schematically illustrated in FIG. 2C, includes a
ball 518 which 1s resiliently biased by a coil compression
spring 520 downward against a valve seat 522.

The back pressure check valve means 516 is designed
such that it prevents a substantial portion of any in-
crease in the well annulus pressure from ever reaching
the second side 144 of power piston 140, so that when
an increase in well annulus pressure is applied to the
well annulus, there is always a downward pressure
differential across power piston 140 so long as that
increase in well annulus pressure is maintained on the
well annulus. This downward pressure differential
which iss maintained on the power piston 140 is suffi-
ciently great that it always is greater than the upward
biasing force of biasing means 430 whereby the power
piston 140 may be said to be releasably held in its second
position so long as the increase in well annulus pressure
1s maintained on the well annulus.

For example, if the upward biasing force of spring
430 1s equivalent to an upward pressure differential of
400 ps1 across the power piston 140, then the back pres-
sure check valve means 5§16 would be designed to open
at a 600 psi pressure differential so that the fluid pres-
sure in annular cavity 476 1s always at least 600 psi less
than the annulus fluid pressure so long as an increase in
annulus fimd pressure of greater than 600 psi which was
applied to the annulus is maintained on the annulus
fluid.

Thus, the back pressure check valve means may be
said to be a releasable holding means 516 releasably
preventing the power piston 140 from returning to its
first position.

A run-in balance means 524 i1s disposed in third car-
tridge passage 474 for allowing well annulus pressure to
sufficiently balance across power piston 140 as the tes-
ter valve 32 is run into the well so that a pressure differ-
ential from the first side 142 to the second side 144 of
power piston 140 1s never sufficient to overcome the
resilient biasing means 430 and prematurely move the
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When balance valve means 526 is in its open position
as illustrated in FIG. 2C, an O-ring seal 540 disposed
about a lower portion of balance valve means 528 is
located above tapered seating surface 538 out of en-
gagement therewith, so that fluid may flow through the
relatively small clearances between balance wvalve
means 526 and the reduced diameter portion 534 of
third cartridge passage 474. )

Disposed about balance valve means 526 below the
ledge 528 thereof 1s a coil compression balance valve
biasing spring 542 which biases balance valve means 526
upward toward its open position.

An actuating lug 544 is attached to the guide mandrel
424, which may also be referred to in the present em-
bodiment as an operating mandrel 424, for engaging the
first end 530 of balance valve means 526 and for moving
the balance valve means 526 to its closed position
wherein the O-ring seal 540 sealingly engages the ta-

~ pered seating surface S38 as the power piston 140 moves

to its second position.

Actuating lug 544 provides an actuating means, oper-
atively associated with power piston 140, for mechani-
cally moving the balance valve means 526 to its closed
position as the power piston 140 moves to its second
posItion.

In the lower end of third cartridge passage 474, a
fluid restrictor 546 1s held in place by a lower threaded
Insert 548. Fluid restrictor 546 protects balance valve
means 526 from excessive pressure differentials which
might damage it.

The third cartridge passage 474 may also generally be

~ referred to as a bypass portion 474 of the second pres-

35
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power piston 140 to its second position as the tester 4s

valve 32 i1s run into the well.

The run-in balance means 524 includes a balance
valve means 526 movable relative to pressure relief
cartridge 438 between an open position illustrated in
FI1G. 2C, wherein fluid may flow through third car-
tridge passage 474, and a closed position, displaced
downwardly slightly relative to pressure relief car-
tridge 438 from the position illustrated in FIG. 2C, to a
closed position wherein fluid flow through the third
cartridge passage 474 is prevented.

Balance valve means 526 is substantially cylindrical in

shape and has a radially outward extending ledge 528
defined on an intermediate part thereof.

A first end 530 of balance valve means 526 extends
upward out of third cartridge passage 474 toward the
power piston 140.

A second end 532 of balance valve means 526 is
closely received within a reduced inner diameter por-
tion 534 of third cartridge passage 474.

Third cartridge passage 474 includes an enlarged
inner diameter portion 536 located above reduced inner
diameter portion 534, and the inner surfaces 534 and 536
are joined by a tapered seating surface 538.

50
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sure conducting passage means 420, which bypass por-
tion bypasses the pressure relief means 484.

As 1s further explained below in the description of the
operation of the tester valve 32, the balance valve
means 526 may also be referred to as a seal valve means
526, disposed in the second pressure conducting passage
means 420, for preventing communication of any fur-
ther portion of the increase in well annulus pressure to
the second side 144 of power piston 140 after the back
pressure check valve means 516 has finally closed subse-
quent to the power piston 140 reaching its second posi-
tion. Thus, the actuating lug 544 may also be referred to
as an actuating means 544, operatively associated with
the power piston 140, for mechanically closing the seal
valve means 5§26 when the power piston 140 moves to
its second position.

Further, the retarding means 444 may also be further
characterized as being a means for allowing a first addi-
tional portion of the increase in well annulus pressure to
be communicated to the second side 144 of the power

piston 140 after the power piston 140 is moved to its
second position.

OPERATION OF THE PREFERRED
EMBODIMENT

The operation of the tester valve 32 of FIGS. 2A-2E
is generally as follows.

The tester valve 32 is initially oriented as illustrated in
FIGS. 2A-2E and is made up with the test string 28 in
the position designated by the numeral 32 in FIG. 1.

The tester valve 32 is then run down into the well
defined by well casing 16 with the ball valve means 90
in 1ts closed position closing the central bore flow pas-
sage 92 of the tester valve 32, and with the power piston
140 1n its first position as illustrated in FIG. 2C.
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The coil compression spring 430 resiliently biases the
power piston 140 towards its first position. |

As the tester valve 32 is run into the well, the increase
in hydrostatic pressure of the well annulus fluid with
increasing depth is sufficiently balanced across the
power piston 140 so that a pressure differential from the
first side 142 to the second side 144 of power piston 140
is never sufficient to overcome the resilient biasing
means 430 and prematurely move the power piston 140
to its second position as the tester valve 32B is being run
into the well.

This balancing of well annulus hydrostatic pressure
as the tester valve 32 is run into the well is accomplished
by the balance valve means 526.

The increase in hydrostatic well annulus pressure is
communicated, with a time delay due to the retarding
means 444, to the lower end of third cartridge passage
474, and then through the slight clearance between the
lower end of balance valve means 526 and the reduced
diameter internal bore portion 534 of third cartridge
passage 474 upward to annular cavity 476 and the sec-
ond side 144 of power piston 140. Sufficient fluid flow
can be obtained through these small clearances because
the only fluid flow which is required in order to balance
the increasing hydrostatic pressure across the power
piston 140, is the very slight flow necessary to account
for the slight compressibility of the silicone oil which 1s
trapped between the second side 144 of power piston
140 and the pressure balance cartridge 438.
~ Once the tester valve 32 is in the position illustrated
in FIG. 1, the packer means 44 is set to separate the weil
annulus 42 into an upper portion above the packer
means 44 and the lower portion 48 below the packer
means 44. The power port 162 and balancing port 422,
and accordingly the first and second pressure conduct-
ing passage means 160 and 420, respectively, are com-
municated with the upper portion of the well annulus 42
above the packer means 44. The flow passage central
bore 92 of the tester valve 32 is communicated with the
lower portion 48 of the well annulus 42 below the
packer means 44.

After setting the packer means, an increase in annulus
fluid pressure is applied to the annulus fluid in the upper
portion of the well annulus 42 above the packer means
44. -

This increase in annulus pressure is substantially In-
stantaneously communicated to the first side 142 of
power piston 140 through the first pressure conducting
passage means 160. |

The fluid flow restrictor 454 of retarding means 444
delays communication of a sufficient portion of this
increase in annulus fluid pressure to the second side 144
of power piston 140 for a sufficient time to allow a
pressure differential from first side 142 to second side
144 of power piston 140 to move the power piston 140
downward to its second position corresponding to an
open position of ball valve means 90.

Initially, the power piston 140 is hydraulically
blocked from moving downward by the fluid trapped

between the power piston 140 and the pressure relief 60

cartridge 438.

The downward pressure differential across pressure
relief piston means 488, however, quickly causes pres-
sure relief piston 488 to move downward breaking the
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seal with O-ring 496 so as to open the pressure relief 65

means 484 and allow fluid trapped below the power
piston 140 to be relieved through the relief port 486 and
the dump passage 508 into the dump zone 92. This fluid
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is continuously relieved to the dump zone 92 as the
power piston 140 moves from its first position to its
second position. The volume of fluid relieved through
the pressure relief means 484 is equal to a volume of
fluid displaced by the power piston 140 as it travels
from its first position to its second position.

As the power piston 140 moves from its first position
to its second position it rotates the ball valve means 90
to an open position wherein the bore 94 thereof is verti-
cally aligned with the central bore 92 of tester valve 32.

In the last thirty to forty thousandths of an inch of
movement of the power piston 140, the actuating lug
544 engages the upper end 530 of balance valve and seal

valve means 526 to thereby mechanically close the

balance valve and seal valve means 526 as the power
piston 140 moves to its second position.

This closing of the balance valve and seal valve
means 526 prevents communication of any further por-
tion of the increase in well annulus pressure to the sec-
ond side 144 of power piston 144 after the back pressure
check valve means 516 has finally closed subsequent to
the power piston 140 reaching its second position.

With regard to the movement of the back pressure
check valve means 5186, it of course is in a closed posi-
tion while the power piston 140 is moving downward
from its first position to its second position, because
there is a downward pressure differential across the ball
valve means 516.

The downward movement of the power piston 140
occurs very rapidly, in a matter of just a few seconds or
less, and thus after the power piston 140 reaches its
lowermost position wherein the actuating lug 544 me-
chanically holds the balance valve and seal valve means
526 closed, there is still a substantial amount of the
increase in well annulus pressure which has not yet been
communicated through the retarding means 444. Thus,
as the increase in annulus fluid pressure continues to be
communicated to the lower side of pressure relief car-
tridge 438 through the retarding means 444, the pres-
sure in second pressure conducting passage means 420
below pressure relief cartridge 438 will ultimately ex-
ceed the pressure in annular cavity 476 above pressure
relief cartridge 438.

When the pressure below pressure relief cartridge
438 exceeds the pressure above pressure relief cartridge
438 by a value greater than the opening value of the
back pressure check valve means 516, the back pressure
check valve means 516 will open so as to control the
pressure in the annular cavity 476 above the pressure
relief cartridge 438.

Thus, ultimately several minutes after the increase in
annulus pressure has been applied to the well annulus
42, and so long as the increase in annulus pressure is
maintained on the well annulus, a situation will be
reached wherein the pressure relief valve means 484 has
returned to its closed position as illustrated in FIG. 2C,
the balance valve and seal valve means 526 is mechani-
cally held in a closed position by actuating lug 544
engaging the upper end 530 thereof, and the back pres-
sure check valve means 516 is finally clcsed, trapping a
pressure in the annular cavity 476 which is equal to the
well annulus pressure minus the operating pressure of
the back pressure check valve means 516.

Thus, at this equilibrium state, a downward pressure
differential is maintained across power piston 140 which
is equal to the operating pressure of the back pressure
check valve means 561. This operating pressure is de-
signed such that the downward pressure differential
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across power piston 140 will always be greater than the
upward force being exerted by resilient biasing means
430, so long as the increase in annulus pressure is main-
tained on the well annulus.

Then, in order to reclose the ball valve means 90, the
increase in well annulus pressure is rapidly dropped,
thus allowing the resilient biasing means 430 to move
the power piston 140 upward and return it to its first
position.

Upon this upward movement of power piston 140,
maost of the oil flow, which is necessary from the second
pressure conducting passage means 420 below pressure
relief cartridge 438 upward through pressure relief car-
tridge 438 to the annular cavity 476 to replace the fluid
which was lost during the downward movement of the
power piston 140, flows upward through the second
cartridge passage 472 past the back pressure check
valve means 516.

Also, the imtial thirty to forty thousandths inch
movement upwardly of power piston 140 allows the
seal of O-ring 540 with tapered seating surface 538 to be
broken. This seal is broken due to the resilient balance
valve compression spring 544 biasing the balance valve
526 upward. The compressibility of the silicone oil
located in second pressure conducting passage means
420 below the balance valve means 526 allows this ini-
tial thirty to forty thousandths inch movement even if
there has not yet been any upward fluid flow through
the second cartridge passage 472.

Once the upward pressure differential across pressure
relief cartridge 438 decreases to below the operating
pressure of back pressure check valve means 516, the
back pressure check valve means 516 will close and the
remaining upward oil flow necessary to allow the
power piston 140 to return all the way upward to its
first position is provided by flow through the third
cartridge passage 474 pass the balance valve means 526
in the manner previously described.

‘The number of times which the tester valve 32 can be
cycled between the open and closed positions of ball
valve means 90 is dependent upon the volume of fluid
within annular cavity 446 which can be displaced as the
floating shoe 478 moves upward in the annular cavity
446. When the upper end of floating shoe 478 engages
the ledge 450, the tester valve 32 must be removed from
the well and the annular cavity 446 must be refilled with
fluid above floating shoe 478.

Thus, 1t 1s seen that the methods and apparatus of the
present invention readily achieve the ends and advan-
tages mentioned as well as those inherent therein. While
certain preferred embodiments of the present invention
have been illustrated for the purposes of the present
disclosure, numerous changes in the arrangement and
construction of parts may be made by those skilled in
the art which changes are encompassed within the

scope and spirit of the present invention as defined by
the appended claims.

What is claimed is:

1. An annulus pressure responsive downhole tool

apparatus, comprising:

a tool housing;

a power piston slidably disposed in said housing;

a first pressure conducting passage means for commu-
nicating a well annulus with a first side of said
power piston;

a second pressure conducting passage means for com-

municating said well annulus with a second side of
saild power piston;
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retarding means, disposed in said second pressure
conducting passage means, for delaying communi-
cation of a sufficient portion of an increase in well
annulus pressure to said second side of said power
piston for a sufficient time to allow a pressure dif-
ferential from said first side to said second side of
said power piston to move said power piston from
a first position to a second position relative to said
housing; | -

pressure relief means, communicated with a first por-
tion of said second pressure conducting passage
means between said second side of said power pis-
ton and said retarding means, for relieving from
said first portion of said second pressure conduct-
ing passage means a volume of fluid sufficient to
permit said power piston to travel to its said second
position; and

releasable holding means, for releasably preventing
said power piston from returning to its first posi-
tion, said releasable holding means including back
pressure check valve means, located between said
power piston and said retarding means, for pre-
venting communication of a sufficient portion of
said increase in well annulus pressure to said sec-
ond side of said power piston so that so long as said
increase in well annulus pressure is maintained on
said first side of said power piston a sufficient pres-
sure differential is maintained from said first side to
said second side of said power piston to prevent
said power piston from returning to its said first
position.

2. The apparatus of claim 1, further comprising:

restlient biasing means, operatively associated with
said power piston, for biasing said power piston
toward its said first position; and

wherein said back pressure check valve means is a
means for preventing said resilient biasing means
from returning said power piston to its said first
position so long as said increase in well annulus
pressure 1s maintained on said first side of said
power piston.

3. The apparaus of claim 2, wherein:

said resilient biasing means includes a coil compres-
10N spring. |

4. The apparatus of claim 2, further comprising:

seal valve means, disposed in said second pressure
conducting passage means, for preventing commu-
nication of any further portion of said increase in
well annulus pressure to said second side of said
power piston after said back pressure check valve

~ means has finally closed subsequent to said power
piston reaching its said second position.

5. The apparatus of claim 4, further comprising:

actuating means, operatively associated with said
power piston, for mechanically closing said seal
valve means as said power piston moves to its said
second position. |

6. The apparatus of claim 2, wherein: |

said retarding means is further characterized as also
being a means for allowing a first additional por-
tion of said increase in well annulus pressure to be
communicated to said second side of said power
piston after said power piston is moved to its said
second position.

7. The apparatus of claim 6, further comprising:

seal valve means, disposed in said second pressure
conducting passage means, for preventing commus-
nication of any further portion of said increase in
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well annulus pressure to said second side of said
power piston after said back pressure check valve
means has finally closed subsequent to said power

piston reaching its said second position.
The apparatus of claim 1, further comprising:

run-in balance means for allowing well annulus pres-

sure to sufficiently balance across said power pis-
ton as said apparatus is run into said well so that a
pressure differential from said first side to said

16

cient to permit said power piston to travel to its
said second position;

back pressure check valve means, disposed in said

second cartridge passage, for preventmg communi-
cation of a sufficient portion of said increase in well
annulus pressure to said second side of said power
piston so that so long as said increase in well annu-
lus pressure is maintained on said first of said power
piston a sufficient pressure differential is main-

tained from said first side to said second side of said
power piston to prevent said resilient biasing means
from returning said power piston to its said first

second side of said power piston is never sufficient 10
to prematurely move said power plsten to its said
second position when said apparatus is being run

into said well. poSsition;
9. The apparatus of claim 8, wherein: balance valve means, disposed in said third cartridge
said second pressure conducting passage means in- 15 passage, said balance valve means being movable

relative to said cartridge between an open position
wherein fluid may flow through said third car-
tridge passage, and a closed position wherein fluid
flow through said third cartridge passage is pre-
vented, said balance valve means having a first end
extending out of said third cartridge passage
toward said power piston; and

an actuating lug, attached to said operating mandrel,

for engaging said first end of said balance valve
means and for moving said balance valve means to
its closed position as said power piston moves to its
said second posttion.

11. A method of operating an annulus pressure re-
sponsive downhole tool of the type including a power
30 piston slidably disposed in a housing and first and sec-
ond pressure conducting passages communicating a
well annulus with first and second sides of said power
piston, said method comprising the steps of:

applying an increase in annulus fluid pressure to an

annulus fluid in said well annulus;

communicating said increase in annulus fluid pressure

to said first side of said power piston through said
first pressure conducting passage;
delaying communication of a sufficient portion of
said increase in annulus fluid pressure to said sec-
ond side of said power piston a sufficient time to
allow a pressure differential from said first side to
said second side of said power piston to move said
power piston from a first position thereof to a sec-
ond position thereof relative to said housing;

relieving from said second pressure conducting pas-
sage a volume of fluid sufficient to permit said
power piston to travel to its said second position;
and

releasably preventing said power piston from return-

~ ing to its first position by preventing communica-

tion of a sufficient portion of said increase in annu-
lus fluid pressure to said second side of said power
piston so that so long as said increase in annulus
fluid pressure is maintained on said first side of said
power piston a sufficient pressure differential 1s
maintained from said first side to said second side
of said power piston to prevent said power piston
from returning to its said first position.

12. The method of claim 11, further comprising the
step of:

resiliently biasing said power piston toward its said

first position.

13. The method of claim 12, further comprising the
65 steps of:

running said tool into said well; and
sufficiently balancmg, by means of a pressure balance
valve disposed in said second pressure conducting

cludes a bypass portion bypassing said pressure
relief means; and
said run-in balance means mcludes:
balance valve means, disposed in said bypass por-
tion, said balance valve means being movable 20
between an open position, wherein fluid may
flow in either direction through said bypass por-
tion, and a closed position wherein fluid flow
through said bypass portion is prevented;

resilient balance valve biasing means for biasing 25
said balance valve means toward its open posi-
tion; and |

actuating means, operatively associated with said
power piston, for mechanically moving said bal-
ance valve means to its closed position as said
power piston moves to its second position.

10. An annulus pressure responsive downhole tool

apparatus, comprising:

a tool housing;

a power piston slidably disposed in said housing; 35

a first pressure conducting passage means for commu-
nicating a well annulus with a first side of said
power piston;

a second pressure conducting passage means for com-
municating said well annulus with a second side of 40
sald power piston;

retarding means, disposed in said second pressure
conducting passage means, for delaying communi-
cation of a sufficient portion of an increase in well
annulus pressure to said second side of said power 45
piston for a sufficient time to allow a pressure dif-
ferential from said first side to said second side of
said power piston to move said power piston from
a first position to a second position relative to said
housing; 50

resilient biasing means, operatively associated with
said power piston, for biasing said power piston
toward its said first position;

a cylindrical operating mandrel extending longitudi-
nally from said second side of said power piston; 55

an annular pressure relief cartridge disposed within
and fixed relative to said housing, said cartridge
being located within said second pressure conduct-
ing passage means and between said second side of
said power piston and said retarding means, said 60
cartridge having first, second and third cartnidge
passages disposed therethrough and defining a part
of said second pressure conducting passage means,
said cartridge having a central bore in which said
operating mandrel 1s slidably received;

pressure relief means, disposed 1n said first cartridge
passage, for relieving from said second pressure
conducting passage means a volume of fluid suffi-
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passage, well annulus pressure across said power mechanically closing said pressure balance valve as
piston as said tool is run into said well so that a said power piston moves to its said second position.
pressure differential from said first side to satd 15. The method of claim 11, further comprising the

second side of said power piston is never sufficient step of: |

to overcome said resilient biasing and prematurely 5  allowing a first additional portion of said Increase in
move said power piston to its second position as annulus fluid pressure to be communicated to said
said tool is being run into said well. second side of said power piston after said power

14. The method of claim 13, further comprising the piston is moved to its said second position.
step of: * *x x x x
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PATENT NO. : 4,489,786
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INVENTOR(S) : Harold K. Beck

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
carrected as shown below:

In column 4, line 15, delete the word [spring] and insert
therefor --string--.

In column 4, line 43, delete the word [spring] and insert
therefor --string--.

In column 9, line 17, delete the word [iss] and insert
therefor -isg--.

In column 12, line 67, delete the numeral [561] and insert
therefor --516-~-.

Signed and Sealed this
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